containing chemically bonded complexes of transition metals are studied. The possibility of using these packings to separate these compounds is also discussed. The packings under study contain complexes of Cu(II) and Cr(III) chemically bonded to the silica surface. Chlorides of these metals are bonded to the silica surface by the use of the ketoimine group originally from 2-(3-triethoxysililpropylimino)-3-(n-buthyl)-pentanon-4. In order to determine an influence of the performed modification to gas chromatographic properties of the packings, such retention parameters as retention factor, retention index, molecular retention index, and specific retention volume are measured for these compounds. Based on the obtained values, a trial is taken to determine an influence of the nature of the bonded metal from the complex on the retention of the adsorbates under study and a dependence between a structure of an adsorbate molecule and values of charge-transfer interactions with the bonded metal complexes.
Introduction
Although new materials (such as porous polymers, carbons, and composite adsorbents-carbosiles) are continuously developed, silica-based adsorbents (silica gel and porous glass) are still fundamentally important as column packings used for high-performance liquid chromatography, gas chromatography (GC), and solid-phase extraction (1) (2) (3) (4) .
Chemically bonded chelates acting as selective sorbents of complexing reactions in capillary GC were used many times to separate such groups of compounds as hydrocarbons, halogeno-and nitro-derivatives of hydrocarbons, ketones, ethers, and thioethers (5) (6) (7) (8) (9) . The factors having influence on the stability of the electron donor/acceptor (EDA) complexes under creation depend on the structure of both the sorbate molecule and the bonded complex of a metal. Also, the following factors must be taken into consideration: ligand structure, its stability, complexation ability of a metal, and steric effects.
The packings under study contain complexes of Cu(II) and Cr(III) chemically bonded to the silica surface. The chlorides of these metals were bonded to the silica via a ketoimine group, originally from 2-(3-triethoxysililpropylimino)-3-(n-buthyl)-pentanon-4.
In this study, a comparison of some retention parameters (retention factor, retention index, specific retention volume, and molecular retention index) was made for the packings under study. It allowed for the ability to estimate the observed specific interactions as well as determine dependencies among a structure of an adsorbate molecule, retention time, and a type of packing. Aliphatic linear hydrocarbons as well as linear and branched, aromatic, and cyclic hydrocarbons were used as adsorbates. When discussing an influence of the adsorbate structure and configuration on the specific interactions, particular attention was given to the quantity, type, and location of unsaturated bonds in a molecule and the quantity and types of substituents in the basic hydrocarbon chain. In the case of aromatic hydrocarbons, an influence of the type of a chain and a place of substitution of this chain in a ring was also discussed.
A packing containing no bonded metal was also investigated and treated as a reference. The physical and chemical properties of the packings were determined and compared to the corresponding properties of the reference.
Several possibilities for the analytic use of the packings under study were discussed.
The obtained packings were characterized by performing: (a) elemental analysis, (b) measurement of nitrogen adsorption/desorption isotherms, and (c) differential scanning calorimetry (DSC).
Elemental analysis was performed on a 2400 CHN Elemental Analyzer (PerkinElmer, Norfolk, VA). The obtained results are presented in Table I .
The measurement of nitrogen adsorption/desorption isotherms at the liquid nitrogen temperature was performed on an ASAP 2010 sorptometer (Micrometrics, Narcross, GA). It is well-known that chromatographic materials should be free of micropores (i.e., those below 20A in diameter) (10) because their presence slows down mass transfer (11) (12) (13) (14) . Figure 1A shows that this is the case for packings studied by us. Moreover, the packings should have a homogeneous pore shape. The latter is not easy to determine, but the analysis of the shape of the hysteresis loop on the adsorption/desorption isotherm can give some information on the pore structure. The hysteresis loop shown in Figure 1B is almost vertical with almost parallel branches, thus it belongs to type H1 according to the IUPAC classification (10) . This type of hysteresis is usually associated with porous materials consisting of agglomerates or compacts of approximately uniform spheres in fairly regular array; therefore, they have a relatively narrow poresize distribution.
Pore volumes of the packings studied were 0.83 cm 3 /g for the starting material, 0.72 cm 3 /g for packing with bonded 2-(3-triethoxysililpropylimino)-3-(n-buthyl)-pentanon-4, and 0.68 cm 3 /g and 0.57 cm 3 /g for packings with CuCl 2 and CrCl 3 , respectively. Surface areas determined by the BET method are listed in Table I . The packings were also subject for analysis by DSC. The DSC analysis was performed on a DSC-50 calorimeter (Shimadzu, Japan).
Preparation of columns
Approximately 50 mL of dry silica (Porasil C) was immersed in a mixture consisting of 100 mL anhydrous xylene and 5 mL 3-aminopropyltriethoxysilane. The mixture was boiled in a vessel provided in which a reflux condenser was under continuous stirring and careful protection against moisture. Unreacted silane was extracted with xylene and hexane in a Soxhlet apparatus. After this operation, silica was subjected to drying under vacuum and then a so-called "endcapping" reaction with hexamethyldisilazane in order to deactivate free silanol groups remaining on the silica surface. The next step was then the reaction aiming at bonding amino groups with n-buthylpentanon-4. The reaction proceeded in xylene for 6 h under continuous stirring and was followed by the removal of the excess on a rotary evaporator. Dry silica was immersed in an anhydrous tetrahydrofuran solution of Cu(II) or Cr(III) chloride and allowed to stand for 7 days at room temperature. The system was protected against the access of moisture. Then, the silica was filtered off, the excess of CuCl 2 extracted with tetrahydrofuran in a Soxhlet apparatus, and eventually the silica was subjected to drying. The stages of the modification of silica are shown in Figure 2 .
Results and Discussion
One of the most important parameters of packings for GC is its thermal stability. Thermograms obtained by the use of classical thermogravimetrics analysis usually do not reflect all the changes taking place at the silica surface, because silica gel (being more than 90% of the total packing mass) does not allow for the precise characterization of the changes for other packing components (remaining 10%). Because of this fact, the DSC method (15) was used to obtain more detailed information about energetic changes at the silica surface at different temperatures. Besides an advantage of measuring changes taking place only at the silica surface rather than for the whole support, a formation of complexes at the support surface can be proved by the use of the DSC analysis. However, it should be noted that the DSC analysis was not used to precisely characterize physicochemical properties of the packings under study, but only to determine their thermal stability.
The results of the DSC analysis of the packings bonded with CuCl 2 , CrCl 3 , and no metal are presented in Figure 3 . As can be seen, the bonding of Cu(II) and Cr(III) chlorides was practically com- plete, because the peak characteristics of the free ligand (curve 1) disappeared completely after introducing copper (curve 2) and chromium (curve 3). Complexes formed at the surface were considerably more stable than the free ligand.
The main advantage of packings with complexes of transient metals chemically bonded to the silica surface is that, on one hand, they make it possible to separate compounds showing EDA properties, and on the other, they allow for the study of interactions among sorbates and complexes of transient metals.
The charge-transfer interactions of the metal in complexes with electron-donor properties have been assessed on the basis of such parameters as the retention factor (k), retention index (I), specific retention volume (V g ), and molecular retention index (∆M e ) (16) . The ∆M e (17, 18) provides information about an influence of substituents on the retention of particular adsorbates. Its positive values testify to the attraction, whereas negative ones explain the repulsion between a given functional group and the packing. The interactions between the adsorbate and the packing modified by transition metal complexes are a mix of the specific and nonspecific ones. The former depend on the π-electron character of the adsorbate and its conformation, and they are responsible (among others) for different retention properties of aromatic hydrocarbons with electron-donor (-CH 3 ) or electron-acceptor (-Cl) substituents.
The chromatographic measurements were performed for a wide range of analytes (linear and branched aliphatic hydrocarbons and aromatic and cyclic hydrocarbons) for packings with Cu(II) and Cr(III) complexes and a packing without a metal (reference system). The obtained results are reported in Tables II-V. The sample mixture chromatograms show separation capabilities of the tested packings. The presented chromatograms have symmetric peaks, which points to the homogeneity of surface adsorption centers.
In the case of linear hydrocarbons the presence of unsaturated bonds (π-electrons) in the hydrocarbon chain of olefins that are capable of specific interactions with the transition metal complexes bonded to the silica surface is responsible for an increase in the retention of these compounds relative to the corresponding alkanes. This situation is illustrated in Figure 4 . The sequence of elution is directly related to the presence of unsaturated bonds in the adsorbate molecule. The first compound eluted is always an alkane, despite having a higher boiling point than that of the corresponding alkene. A comparison of the results obtained for the packing with and without a metal (Table II ) has shown that for linear mono-olefins the presence of metal caused an approximate twofold increase in the retention parameters, and for alkines and diens it was three-fold and higher. This fact indicates the dependence of π-type interactions on the degree of the adsorbate unsaturation. For hexadiens it was observed that the specific interactions depend not only on the degree of unsaturation but also on the number of unsaturated bonds and their mutual arrangement. For this group of compounds the values of the parameters of retention decreased with increasing distance between the unsaturated bonds; therefore, the sequence of elution of the compounds is as follows: 1,3-hexadiene > 1,4-hexadiene > 1,5-hexadiene.
An influence of the steric effect of substituents near a saturated bond (i.e., blocking an access to the π bond) on the values of charge-transfer interactions has been observed in the case of such compounds as 1-heptene (extreme position of an unsaturated bond) and trans-3-heptene (position of the π bond inside a molecule). Although the boiling point of 1-heptene is 20°C lower than that of trans-3-heptene, the latter is eluted before the former (Table II) .
The interactions of the branched aliphatic hydrocarbons were weaker than those of linear olefins, as indicated by the frequently obtained negative values of ∆M e (Table III ). In the group of branched hydrocarbons, an interesting phenomenon that was observed was the influence of substituents on the retention. The presence of substituents in the main chain of alkenes should be considered in at least two ways. On the one hand, they provoke an additional steric hindrance obstructing a direct contact of the adsorbate with the electron-donor center, and on the other, the alkyl substituent (because of its specific properties) induces an increase in the electron density of the unsaturated bond. Consequently, the specific interactions in which the π-electrons play the most important role increase. The influence of substituents is greater as the substitution becomes closer to the double bond. This can be particularly seen for dimethylbutens, for which the sequence of elution is 3,3-dimethylbutene-1 < 2,3-dimethylbutene-1 < 2,3-2,3-dimethylbutene. The separation of these compounds (among others) is presented in Figure 5 .
When comparing the values obtained for the packings with and without a metal, it can be seen that in the case of all the adsorbates under study the presence of a metal forces an increase of the retention parameters.
In the case of cyclic and aromatic hydrocarbons, such an increase is greater by two and even three times (Tables IV and V) . In Figures 6 and 7 , chromatograms of a mixture of cyclic hydrocarbons is presented. Their interactions with the packings investigated were stronger than those of linear and branched hydrocarbons. The presence of a methyl and ethyl substituent in the ring resulted in a decrease of interactions. For instance, the values of ∆M e for methylcyclopentane and methylcyclohexane were lower than for cyclopentane and cyclohexane, which proves that the steric factor plays a substantial role in specific interactions between the adsorbates and the adsorbents. A change in the sequence of elution of cyclic compounds with more than one unsaturated bond was noted. For acyclic olefins the specific interactions increased in the following sequence: isolated bond < cumulated bond < coupled bonds. For cyclic olefins the strongest interactions were observed for those with isolated bonds; cyclohexadiene-1,3 was eluted before cyclohexadiene-1,4.
The results have proven that the strength of specific interactions between the bonded metal complex and aromatic hydrocarbons (with benzene as a reference compound) depends on the type of chain and the position of its substitution in the ring. For substituents with saturated chains the strongest interactions were observed for the trisubstituted ring (Table V) . The sequence of elution for these compounds was 1,3,5-trimethylbenzene < 1,2,4-trimethylbenzene < 1,2,3-trimethylbenzene. Figure 8 illustrates a separation of an aromatic hydrocarbon mixture of the previously mentioned isomers. For a styrene built of an unsaturated chain an increase of ∆M e values was noted with respect to the value obtained for ethylbenzene from the saturated chain. In regards to the position of the unsaturated bond in the substituent, when it was coupled with the ring (trans-1-phenyl-1-propene), the specific interactions of the adsorbate were stronger than when it was isolated (3-phenyl-1-propene).
Conclusion
In this presented work some retention parameters were compared with linear and branched, aliphatic, and cyclic as well as aromatic hydrocarbons using packings with chemically bonded complexes of Cu(II) and Cr(III). The obtained results allowed for the packings under study to be ordered taking into account the following increasing values of retention parameters: packing with no metal < Cu(II) < Cr(III).
It was proved that values of specific interactions between a metal complex and a nucleophilic adsorbate are determined not only by factors related to the packing, but also by a structure and a configuration of an adsorbate molecule (i.e., unsaturation factor, number of unsaturated bonds and their mutual positions, as well as number and types of substituents).
Besides an increase of adsorbent/adsorbate reactions, all the packings modified with metals were characterized by higher selectivity in comparison with a reference packing. It created a possibility of separate compound mixtures belonging to the same class, with slightly different molecule structures. The presented chromatograms proved to be great possibilities for the analytical use of the presented packings. 
